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Data Code State DSV O/E
0 0x0 0100100100100000 1 -4 0
1 Ox1 1001000010010000 1 -4 0
2 Ox2 $10016G0C010010000 1 -4 0
3 Ox3 1001000001001000 1 -4 0
4 Ox4 0100100001001000 ] -4 0
5 Ox5 1001000000100100 | —4 0
3] (x6 0100100000100100 i -4 0
I Ox7 1001000000010010 i -4 0
8 Ox8 0100100000010010 . -4 0
9 0x9 1001000000001001 . -4 0
FlG _ 6 < 10 OxA 0100100000001001 2 -4 0
i1 OxB 1000000100000000 1 -2 0
12 0xG 01000000 10000000 ] -2 0
13 OxD 1031001000100000 1 -2 0
14 OxE 1000100100100000 1 -2 O
15 OxF 1001000100010000 1 -2 0
16 Ox10 010010G100010000 ] ~2 0
17 Ox11 1000100010010000 1 -2 0
18 Ox12 0100010010010000 1 ~2 0
19 Ox13 1001000010001000 1 —Z 0
20 Ox14 0100100010001000 | -2 0
21 Ox15 1000100001001000 1 -2 0
22 0x16 0100010001001000 1 -2 0
23 Ox17 1001000001000100 1 -2 O
24 Ox18 0100100001000100 1 -2 0
25 0x19 1000100000100100 1 -2 0
26 Ox1A 0100010000100100 1 -2 0
27 Ox1B 1001000000100010 2 -2 0
28 Ox1C 0100100000100010 2 -2 0
29 Ox1D 1000100000010010 2 -2 0
30 Ox1E 01000100060010010 2 -2 0
31 Ox1F 1001000000010001 2 -2 0
32 0x20 C100100000010001 2 -2 ¢
33 Ox21 10001 00000001001 2 —2 0
34 0x22 $100010000001001 2 -2 0
35 Ox23 1000000010000000 1 0 0
36 Ox24 0100000001000000 1 0 0
37 Ox25 1001001000010000 ” 0 0
38 Ox26 1000100100010000 0 0
39 Ox27 1000010010010000 0 0
40 Ox28 1001000100001000 1 0 0
41 Ox29 0100100100001000 ‘ 0 0
42 Ox2A 1000100010001000 0 0
43 0x2B 0100010010001000 0 0
44 0x2C 1000010001001000 1 0 0
45 O0x2D 0100001001001000 1 0 0
46 Ox2E 1001000010000100 1 0 0
47 Ox2F 0100100010000100 1 0 0
48 0x30 1000100001000100 1 0 0
49 0x3] 0100010001000100 1 0 0
50 Ox37 1000010000100100 1 0 0
51 Ox33 0100001000100100 1 0 0
52 0x34 1001000001000010 2 0 0
53 Ox35 0100100001000010 2 0 0
54 Ox 36 1000100000100010 2 0 0
55 Ox37 0100010000100010 Vs 0 0
50 Ox38 10000 10000010010 2 0 0
57 Ox39Y 0100001000010010 2 0 0
58 Ox3A 1001000000100001 2 0 0
59 Ox3B 0100100000100001 Y 0 0
60 Ox3C 1000100000010001 2 0 0
61 Ox3D 0100010000010001 2 D 0
62 Ox3E 1000010000001001 Z D 0
\ X Ox3F G100001000001001 Z 0 0
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ENCODING DEVICE, ENCODING METHOD,
RECORDING DEVICE, RECORDING
METHOD, OPTICAL RECORDING MEDIUM,
DECODING DEVICE AND DECODING
METHOD

RELATED APPLICATIONS

The present application claims priority to Japanese Patent
Application JP 2010-106319 filed 1n the Japan Patent Office
on May 6, 2010.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an encoding device and
method for converting an m-bit data word into an n-bit code
word. In addition, the invention relates to a recording device
and method for recording a recording code string obtained by
encoding and a recording medium. In addition, the invention
relates to a decoding device and method for decoding a
recording code string.

2. Description of the Related Art

As optical recording media for performing recording/re-
production of a signal by light 1rradiation, for example, so-
called optical discs such as a Compact Disc (CD), Digital
Versatile Disc (DVD) or Blu-ray Disc (BD) (registered trade-
mark) have come into wide use.

In the optical discs widely used 1n the present state, mark
edge recording for defining a recording code as Non Return to
Zero Inverting (NRZI) and performing recording after con-
version 1nto Non Return to Zero (NRZ) code upon recording,
1s performed.

In the optical discs, due to the relationship for obtaining a
tracking error signal from a groove, pit, or the like, few low
band components of a recording code are necessary. That 1s,
a tracking servo band 1s lower than a signal band of a record-
ing code. However, 11 there are many low band components 1n
the recording code, the components of the recording code
may be superimposed on the tracking error signal such that
the tracking servo characteristics are deteriorated.

Accordingly, 1n the optical disc of the related art, the low
band components of the recording code are suppressed by
controlling the absolute value of the Digital Sum Value (DSV)
of the recorded NRZ code string to be decreased.

For example, in a CD, an encoding method of using an
EFM modulation code, satistying a limit of a minimum run
length d=2 between a 14-bit code word and the next code
word, and selecting and inserting predetermined 3 connection
bits so as to decrease the absolute value of the DSV of the
code string 1s used.

In a DVD, using a modulation code called EFM Plus, with
respect to a certain data word, a code word of a main table and
a substitution table which decreases the absolute value of the
DSV of the code string 1s selected and encoded so as to

perform DSV control. This modulation code 1s described, for
example, 1n Kees A. Schouhamer Immink “EFMPlus: THE
CODING FORMAT OF THE MULTIMEDIA COMPACT

DISC”, IEEE Transaction on Consumer Electronics, Vol. 41,
Issue 3, August 1995 and International Publication No.
05/22802.

In a BD, a modulation code called 17PP is used, but a DC
control bit1s periodically defined 1n a recording data format of
the BD. Thus, encoding 1s performed after the DC control bit
of “0” or “1”, which decreases the absolute value of the DSV
of the code string, 1s selected.
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With respect to an optical disc which 1s widely used in the
present state of the CD, the DVD, the BD and the like, first, as
a next-generation optical disc, the present applicant proposes
a so-called bulk recording type optical disc (simply referred
to as a bulk type) described 1n Japanese Unexamined Patent
Application Publication No. 2008-135144 or Japanese Unex-
amined Patent Application Publication No. 2008-176902.

Here, bulk recording indicates, for example, a technology
of realizing a large amount of recording capacity by 1rradiat-
ing a laser beam to an optical recording medium (bulk type
recording medium 100) having at least a cover layer 101 and
a bulk layer (recording layer) 102 while sequentially chang-
ing a focal point position so as to perform multi-layer record-
ing in the bulk layer 102, as shown in FIG. 26.

In such bulk recording, Japanese Unexamined Patent
Application Publication No. 2008-135144 discloses record-
ing technology which 1s a so-called micro hologram method.
In the micro hologram method, a so-called hologram record-
ing material 1s used as a recording material of the bulk layer
102. As the hologram recording material, for example, a
photopolymerizable photopolymer or the like 1s widely used.

The micro hologram method 1s classified broadly nto a
positive type micro hologram method and a negative type
micro hologram method.

The positive type micro hologram method 1s a method of
focusing two opposing light fluxes (light flux A and light flux
B) at the same position so as to form a minute interference
fringe (hologram) and using the minute interference fringe as
a recording mark.

The negative type micro hologram method 1s a method of
crasing an interference Iringe formed in advance by laser
beam 1rradiation and using the erased portion as a recording
mark, 1 opposition to the positive type micro hologram
method. In the negative type micro hologram method, a pro-
cess for forming an interference iringe in the bulk layer 1s
performed 1n advance, as an 1nitialization process.

The present applicant proposes, for example, a recording,
method of forming a void (blank or hole) disclosed 1n Japa-
nese Unexamined Patent Application Publication No. 2008-
1’76902 as a recording mark, as a bulk recording method
different from the micro hologram method.

The void recording method 1s, for example, a method of
irradiating a laser beam to the bulk layer 102 formed of a
recording material such as a photopolymerizable photopoly-
mer with relatively high power so as to record a blank 1n the
bulk layer 102. As described 1n Japanese Unexamined Patent
Application Publication No. 2008-176902, the formed blank
portion has a refractive index different from that of the other
portion of the bulk layer 102 and thus the light reflection ratio
of the boundary portion thereot 1s increased. Accordingly, the
blank portion functions as a recording mark and thus infor-
mation recording by formation of a blank mark 1s realized.

In such a void recording method, since the hologram 1s not
formed, recording 1s completed by light irradiation from one
side. That 1s, as 1n the positive type micro hologram method,
it 1s not necessary to focus two light fluxes at the same posi-
tion so as to form the recording mark.

In addition, 1n comparison with the negative type micro
hologram method, it 1s an advantage that the nitialization
process 1s not performed.

In Japanese Unexamined Patent Application Publication
No. 2008-176902, although an example of 1rradiating a pre-
cure light before recording at the time of performing void
recording 1s described, void recording 1s possible even when
the 1rradiation of the pre-cure light 1s omatted.

However, the bulk recording type (also simply referred to
as bulk type) optical disc recording medium 1s proposed as the
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above various recording methods, but the recording layer
(bulk layer) of the bulk type optical disc recording medium
does not have an explicit multi-layer structure in the sense
that, for example, a plurality of reflection films 1s formed.
That 1s, 1n the bulk layer 102, a reflection film and a guide
groove are not provided in every recording layer included 1n
a general multi-layer disc.

Accordingly, 1n the structure of the bulk type recording
medmum 100 as 1t 1s shown in FIG. 26, focus servo and
tracking servo may not be performed during recording in
which the mark 1s not formed.

Accordingly, practically, in the bulk type recording
medium 100, a reflection surface (reference surface) 1s pro-
vided which becomes a reference having guide grooves
shown 1n FIG. 27.

More specifically, the guide grooves (position guide ele-

ments) such as pits or grooves are formed 1n a lower surface
side of the cover layer 101 in a spiral shape or a concentric
shape and a selective reflection film 103 1s formed on the
guide grooves. The bulk layer 102 1s laminated on the lower
layer side of the cover layer 101, on which the selective
reflection film 103 1s formed, with an adhesive material inter-
posed therebetween as an intermediate layer 104 1n the figure,
such as a UV curing resin.
Here, through the formation of the guide grooves such as pits
or grooves, Tor example, recording of absolute position infor-
mation (address imformation) such as radius position infor-
mation or rotation angle information i1s performed. In the
following description, a surface (in this case, a surface on
which the selective reflection film 103 1s formed) 1n which
such guide grooves are formed and the absolute position
information 1s recorded 1s referred to as a “reference surface
Ref”.

After such a medium structure 1s formed, as shown 1n the
figure, not only a laser beam (heremafiter, referred to as a
recording/reproduction laser beam or simply a recording/
reproduction light) for recording (or reproducing) a mark but
also a servo laser beam (simply referred to as a servo light) as
a laser beam for position control 1s 1irradiated to the bulk type
recording medium 100 through a common objective lens.

At this time, if the servo laser beam reaches the bulk layer
102, the mark recording in the bulk layer 102 may be
adversely affected. Accordingly, in the bulk recording
method of the related art, the laser beam having a wavelength
range different from that of the recording/reproduction laser
beam 1s used as the servo laser beam, and the selective reflec-
tion film 103 having wavelength selectivity, which reflects the
servo laser beam and transmits the recording/reproduction
laser beam, 1s provided as the reflection film formed on the
reference surface Ref.

On the above assumption, the operation at the time of mark
recording for the bulk type recording medium 100 will be
described. First, when multi-layer recording i1s performed
with respect to the bulk layer 102 in which the guide grooves
and the reflection film are not formed, the layer position
where the mark 1s recorded 1n a depth direction 1n the bulk
layer 102 1s set in advance. In the figure, the case where a total
of 5 information recording layer positions L including a first
information recording layer position L1 to a fifth information
recording layer position LS are set as a layer position (mark
forming layer position; also referred to as an information
recording layer position) where the mark 1s formed 1n the bulk
layer 102 1s shown. As shown, 1n the information recording
layer position L, the first information recording layer position
L1 1s provided at an uppermost side and, next, the information
recording positions 1.2, .3, L4 and L5 are sequentially pro-
vided toward a lower layer side.
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During recording 1in which the mark 1s not vet formed, a
focus servo control and a tracking servo control are not per-

formed based on the reflected light of the recording/reproduc-
tion laser beam with respect to the layer positions 1n the bulk
layer 102 as a target. Accordingly, the focus servo control and
the tracking servo control of the objective lens during record-
ing are performed so as to enable the spot position of the servo
laser beam to follow the guide grooves on the reference sur-
face Rel based on the retlected light of the servo laser beam.

It 1s necessary for the recording/reproduction laser beam to
reach the bulk layer 102 formed on the lower layer side of the
selective retlection film 103 than the reference surface Ref
and to select the focusing position in the bulk layer 102, for
mark recording. To this end, 1n an optical system 1n this case,
a focus mechanism (expander) for the recording/reproduction
light 1s provided, which independently adjusts a focusing
position of the recording/reproduction laser beam, separately
from the focus mechanism of the objective lens.

That 1s, the focusing position of the recording/reproduction
laser beam 1s adjusted independently of the servo laser beam,
by changing collimation of the recording/reproduction laser
beam incident to the objective lens by the provided expander.

The position of the recording/reproduction laser beam 1n
the tracking direction 1s automatically controlled to a position
just below the guide grooves 1n the reference surface Ret by
the tracking servo of the objective lens using the above servo
laser beam.

In addition, when reproduction is performed with respect
to the bulk type recording medium 100 1n which mark record-
ing 1s already performed, 1t 1s not necessary to control the
position o the objective lens based on the reflected light of the
servo laser beam, as during recording. That 1s, during repro-
duction, focus servo control and tracking servo control of the
objective lens based on the reflected light of the recording/
reproduction laser beam are performed, using a mark row
formed at the mformation recording layer position L (also
referred to as an information recording layer L. or a mark
formation layer L, during reproduction) to be reproduced as a
target.

SUMMARY OF THE INVENTION

As described above, in the optical disc system of the related
art, the low band of the recording code 1s suppressed by
controlling the absolute value of the Digital Sum Value (DSV)
of a recorded NRZ code string so as to be decreased.

However, 1n the encoding method using the connection bits
as 1n the CD, since 8 bits are converted into 17 bits, an
encoding rate 1s 8/17, which 1s lower than an encoding rate
1/2=0.5 of the code of d=2 which 1s generally recognized as
2/RLL or the like. Thus, recording capacity eificiency 1is
decreased.

In the DVD, the code word of the main table and the
substitution table which decreases the absolute value of the
DSV of the code string 1s selected and encoded with respect to
any given data word so as to perform DSV control. Since the
encoding rate of EFM Plus 1s 8/16=0.5, 1t 1s improved as
compared to EFM. However, since a code transition state 1s
also added to a sliding block code, error propagation may
occur 1n a decoding process when channel bit detection error
OCCUrS.

In the BD, the modulation code called 17PP 1s used, but a
DC control bit 1s periodically defined 1n a recording data
format of the BD. Thus, encoding 1s performed after the DC
control bit of “0” or “1” 1s selected at one timing at 45 bits of
data so as to decrease the absolute value of the DSV of the
code string. The encoding rate of 17PP 1s 2/3 which 1s equal




US 8,724,441 B2

S

to that of general code of d=1, but DC control bits are neces-
sary. To this end, since conversion efficiency including a
format becomes (45/46)x(2/3), recording capacity efliciency
1s also decreased.

The mvention 1s made to solve encoding rate deterioration
and error propagation upon decoding and, more particularly,
it 1s desirable to provide an encoding method suitable for a
bulk recording method (multi-layer recording) for perform-
ing mark edge recording.

According to an embodiment of the present mvention,
there 1s provided an encoding device for converting m-bit data
words into n-bit (both n and m are integers and 2”=2""x2) code
words, including a first encoding table in which 2™ code
words selected from the 2” n-bit code words correspond to 2™
m-bit data words, a second encoding table 1n which 2™ code
words, which do not overlap with the code words in the first
encoding table, of the 2” n-bit code words correspond to 2™
m-bit data words, and an encoding unit which selects and
outputs a code word, 1n which an absolute value of a code
string DSV 1s smaller, from code words corresponding to the
input m-bit data words 1n the first encoding table and code
words corresponding to the mput m-bit data words in the
second encoding table.

Code words 1n which the number of symbols *“1” 1s an odd
number 1n the second encoding table may correspond to data
words to which code words 1n which the number of symbols
“1” 1s an even number correspond to the first encoding table,
and code words 1n which the number of symbols “1” 1s an
even number 1n the second encoding table may correspond to
data words to which code words in which the number of
symbols “1”” 1s an odd number correspond to the first encod-
ing table.

In any one set of code words 1n which the number of
symbols “1” 1s an even number 1n the first encoding table and
a set ol code words 1n which the number of symbols “1” 1s an
odd number 1n the second encoding table, the code words may
be aligned 1n ascending order of code word DSV when the
code words are NRZ-converted so as to correspond to the data
words, and, 1n the other of the sets, the code words may be
aligned 1n descending order of code word DSV when the code
words are NRZ-converted so as to correspond to the data
words, and, 1n any one set of code words 1n which the number
of symbols “1” 1s an odd number 1n the first encoding table
and a set of code words 1n which the number of symbols “1”
1s an even number in the second encoding table, the code
words may be aligned 1n ascending order of code word DSV
when the code words are NRZ-converted so as to correspond
to the data words, and, 1n the other of the sets, the code words
may be aligned in descending order of code word DSV when
the code words are NRZ-converted so as to correspond to the
data words.

The encoding unit may select the code words such that a
run length limitation of a shortest O consecutive length d (d=0)
and a longest O consecutive length k (k>d) of a code string
obtained from the encoding result 1s satisfied.

The encoding unit may respectively convert the input m-bit
data word into a first code word and a second code word by the
first encoding table and the second encoding table, and deter-
mine whether both the first code word and the second code
word satisty the run length limitation when the first code word
and the second code word are connected to a code word
output at one preceding time and select and output a code
word 1n which the absolute value of the code string DSV of
the first code word and the second code word 1s smaller if both
the first code word and the second code word satisty the run
length limaitation.
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6
For example, d=2, k=10, encoding rate 1s m/n=1/2, m=8
and n=16.

According to another embodiment of the present invention,
there 1s provided an encoding method for converting m-bit
data words 1nto n-bit (both n and m are integers and 2"=2""x2)
code words, including selecting and outputting a code word,
in which an absolute value of a code string DSV 1s smaller,
from code words corresponding to the input m-bit data words
in a first encoding table in which 2™ code words selected from
the 2” n-bit code words correspond to 2™ m-bit data words and
code words corresponding to the mput m-bit data words 1in a
second encoding table 1n which 2™ code words, which do not
overlap with the code words 1n the first encoding table, of the
2" n-bit code words correspond to 2™ m-bit data words.

According to another embodiment of the present invention,
there 1s provided a recording device including a recording
umit which performs recording with respect to an optical
recording medium based on the code words output from an
encoding umt, in addition to a first encoding table, a second
encoding table and the encoding unat.

The recording unit may record NRZ data obtained by per-
forming mverting to a symbol “1” and non-inverting to a
symbol “0” with respect to an encoded string of code words
encoded by the encoding unit 1 the optical recording
medium.

The optical recording medium may be a bulk type optical
recording medium having a bulk layer for selectively per-
forming mark recording at a plurality of positions in a depth
direction, and the recording unit may record marks by a blank
in the bulk layer.

According to another embodiment of the present invention,
there 1s provided a recording method including performing
recording with respect to an optical recording medium based
on code words output by the encoding procedure, in addition
to the encoding procedure of the encoding method.

According to another embodiment of the invention, there 1s
provided a bulk type optical recording medium having a bulk
layer for selectively performing mark recording at a plurality
of positions 1 a depth direction, wherein a mark row 1is
recorded 1n the bulk layer based on code words obtained by
performing an encoding process of selecting and outputting a
code word, 1n which an absolute value of a code string DSV
1s smaller, from code words corresponding to the m-bit data
words 1n a first encoding table 1n which 2™ code words
selected from the 2" n-bit code words correspond to 2™ m-bit
data words and code words corresponding to the m-bit data
words 1n a second encoding table 1n which 2™ code words,
which do not overlap with the code words 1n the first encoding
table, of the 2" n-bit code words correspond to 27 m-bit data
words.

The mark row recorded 1n the bulk layer may be a mark row
based on NRZ data obtained by performing inverting to a
symbol “1”” and non-inverting to a symbol “0” with respect to
an encoded string of encoded code words.

The mark row recorded in the bulk layer may be a mark row
by marks formed by blanks.

According to another embodiment of the present invention,
there 1s provided a decoding device including a decoding unit
which 1ncludes first and second decoding tables 1n which
code words and data words have the same correspondence as
first and second encoding tables and searches both a first
decoding table and a second decoding table for m-bit data
words corresponding to input n-bit code words and outputs
the m-bit data words.

According to another embodiment of the invention, there 1s
provided a decoding method including searching both a first
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decoding table and a second decoding table for m-bit data
words corresponding to input n-bit code words and outputting,
the m-bit data words.

In the encoding of the invention, a first encoding table in
which 27 code words selected from the 2”7 n-bit code words
correspond to 27 m-bit data words and a second encoding
table 1n which 2™ code words, which do not overlap with the
code words 1n the first encoding table, of the 2" n-bit code
words correspond to 2™ m-bit data words are prepared. The
encoding process of selecting and outputting a code word, 1n
which an absolute value of a code string DSV 1s smaller, from
code words corresponding to the input m-bit data words in the
first encoding table and code words corresponding to the
input m-bit data words in the second encoding table 1s per-
formed.

If a run length limitation 1s considered, there 1s a limitation
as to which of the first and second encoding tables the code
word 1s extracted from in data words at any given time.
However, 11 the run length limitation 1s satisfied even when
the code word 1s extracted from any given table, the code
words may be arbitrarily selected. In this case, by selecting,
the code word 1n which the code string DSV 1s close to zero,
it 1s possible to perform DSV control.

In order to suitably perform DSV control, 1n the invention,
the first and second encoding tables have the following char-
acteristics.

The code words of the first and second encoding tables are
all independent and the code words do not overlap with each
other.

In the first and second encoding tables, the number of
symbols “1” 1s an odd number 1n one of the code words
corresponding to the same data word and the number of
symbols “1” 1s an even number 1n the other of the code words
corresponding to the same data word. Therefore, the two code
words corresponding to the same data word become the code
words of a direction 1n which the code string DSV 1s increased
and a direction 1n which the code string DSV 1s decreased.

The code words corresponding to the data words may be
aligned 1n descending order of code word DSV 1n one of the
first and second encoding tables, and may be aligned 1n
ascending order of code word DSV 1n the other of the firstand
second encoding tables. That 1s, the two code words corre-
sponding to the same data word are closer to the absolute
value of DSV 1n the first and second encoding tables.

According to the invention, it 1s possible to perform encod-
ing such that the code string DSV 1s as close to zero as
possible. In the case of employing a bulk recording method
tor performing multi-layer recording by mark edge recording
in a bulk layer, 1t 1s possible to perform suitable encoding. As
a result, 1t 1s possible to realize reproduction stabilization of
the bulk type recording medium.

In the invention, since the code words stored in the first
encoding table and the second encoding table do not overlap
with each other, so-called error propagation in which a decod-
ing error of one preceding time causes error 1n a next decod-
ing result does not occur.

According to the decoding device (and decoding method)
of the invention, it 1s possible to suitably and easily decode the
code string obtained by encoding of the invention and, as a
result, to realize decoding without error propagation.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram showing the configuration of a
recording/reproduction device according to an embodiment
of the invention;
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FIG. 2 1s a cross-sectional structural diagram of an optical
recording medium of an embodiment of the invention;

FIGS. 3A and 3B are views illustrating NRZ, NRZI and
DSV according to an embodiment of the invention;

FIG. 4 1s a view 1llustrating classification of code words
according to an embodiment of the mvention;

FIG. 5 1s a view 1llustrating the structure of an encoding
table according to an embodiment of the invention;

FIG. 6 1s a view 1llustrating an example of an S1 encoding,
table according to an embodiment of the 1nvention;

FIG. 7 1s a view 1llustrating an example of an S1 encoding,
table according to an embodiment of the invention;

FIG. 8 1s a view 1llustrating an example of an S1 encoding,
table according to an embodiment of the invention;

FIG. 9 1s a view 1llustrating an example of an S1 encoding
table according to an embodiment of the invention;

FIG. 10 1s a view 1llustrating an example of an S2 encoding,
table according to an embodiment of the invention;

FIG. 11 1s a view 1llustrating an example of an S2 encoding,
table according to an embodiment of the invention;

FIG. 12 1s a view 1llustrating an example of an S2 encoding,
table according to an embodiment of the invention;

FIG. 13 1s a view 1llustrating an example of an S2 encoding,
table according to an embodiment of the 1nvention;

FIG. 14 1s a view 1llustrating ascending and descending
order of DSV values of an encoding table according to an
embodiment of the invention;

FIGS. 15A and 15B are views illustrating the structure of
an encoding table according to an embodiment of the mnven-
tion;

FIG. 16 1s a view 1llustrating an encoding process accord-
ing to a comparative example;

FIG. 17 1s a tlowchart of an encoding process according to
a comparative example;

FIG. 18 1s a view 1llustrating an encoding example accord-
ing to a comparative example;

FIG. 19 1s a view 1illustrating an encoding process accord-
ing to an embodiment of the invention;

FIG. 20 1s a flowchart illustrating an encoding process
according to an embodiment of the mnvention;

FIG. 21 1s a view 1llustrating an encoding example accord-
ing to an embodiment of the invention;

FIG. 22 1s a view 1llustrating a decoding process according,
to an embodiment of the 1nvention;

FI1G. 23 1s a tlowchart of a decoding process according to an
embodiment of the invention;

FIG. 24 1s a view 1llustrating a code string DSV when
encoding according to an embodiment of the mmvention 1s
performed;

FIG. 25 1s a view 1llustrating low band suppression when
encoding according to an embodiment of the mvention 1s
performed;

FIG. 26 1s a view 1llustrating a bulk recording method; and

FI1G. 27 1s a view showing the cross-sectional structure of a
bulk type recording medium and servo control upon record-
ing/reproduction.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Heremnafter, embodiments of the invention will be
described in the following order.

1. Configuration of Recording/reproduction Device and
Optical Recording Medium

2. Encoding Table

3. Comparative Example (the case where DSV control 1s
not performed)




US 8,724,441 B2

9

4. Encoding Process of Embodiment
. Decoding Process
6. Effect of Embodiment and Modified Example

h

1. Configuration of Recording/Reproduction Device
and Optical Recording Medium

FIG. 1 1s a diagram showing the internal configuration of a
recording/reproduction device according to an embodiment
of the mvention.

First, a bulk type recording medium 1 of the figure 1s a bulk
type optical recording medium having a recording layer as a
bulk layer, similar to the description of FIG. 27.

The bulk type recording medium 1 1s a disc-shaped optical
recording medium, 1n which mark recording (information
recording) 1s performed by irradiating a laser beam to the
rotated and driven bulk type recording medium 1. Reproduc-
tion of the recording information 1s also performed by 1rradi-
ating a laser beam to the rotated and driven bulk type record-
ing medium 1.

The optical recording medium 1s the generic term for a
recording medium for recording/reproduction information by
light 1rradiation.

FIG. 2 1s a cross-sectional structural diagram of the bulk
type recording medium 1.

As shown 1n FIG. 2, 1n the bulk type recording medium 1,
a cover layer 2, a selective reflection film 3, an intermediate
layer 4, and a bulk layer 5 are sequentially formed from an
upper layer side.

In the present specification, the “upper layer side” indicates
an upper layer side when a light incident surface side of a
device for irradiating a laser beam 1n order to perform record-
ing or reproduction 1s an upper suriace.

Although the term “depth direction” 1s used 1n the present
specification, the term “depth direction” indicates a direction
matched to a vertical direction according to the definition of
the “upper layer side” (that 1s, a direction parallel to the
incident direction of the laser beam from the device side:
focus direction).

In the bulk type recording medium 1, the cover layer 2 1s
formed of, for example, resin such as polycarbonate or acrylic
and, as shown, a lower surface side thereof has an uneven
cross-sectional shape as shown 1n the figure by forming guide
grooves as position guide elements for guiding a recording/
reproduction position. The position guide elements are
formed 1n a spiral shape or a concentric shape.

As the guide grooves, consecutive grooves or pit rows are
formed. For example, 1f the guide grooves are formed of pit
rows, position information (absolute position information:
rotation angle information, radius position information, or the
like as information indicating a rotation angle position on a
disc) 1s recorded by a combination of the lengths of pits and
lands. Alternatively, if the guide grooves are formed of
grooves, the grooves are periodically formed 1n a zigzag
(wobble) manner so as to record position information by
periodic information of the zigzag.

The cover layer 2 1s generated by injection molding or the
like using a stamper in which, for example, such guide
grooves are formed (uneven shape).

The selective reflection f1lm 3 1s formed on a lower surface
side of the cover layer 2, 1n which the guide grooves are
formed.

As described above, 1n a bulk recording method, a light
(servo laser beam) for obtaining a tracking or focus error
signal based on the above guide grooves 1s irradiated sepa-
rately from a light (recording/reproduction laser beam) for

10

15

20

25

30

35

40

45

50

55

60

65

10

performing mark recording/reproduction with respect to the
bulk layer § as a recording layer.

At this time, 1f the servo laser beam reaches the bulk layer
5, the mark recording in the bulk layer 5 may be adversely
alfected. Accordingly, a reflection film having selectivity for
reflecting the servo laser beam and transmitting the record-
ing/reproduction laser beam 1s necessary.

In the bulk recording method of the related art, laser beams
having different wavelength ranges are used 1n the recording/
reproduction laser beam and the servo laser beam and, in
correspondence therewith, a selective reflection film having
wavelength selectivity, which reflects a light having the same
wavelength range as the servo laser beam and transmuits a light
having the other wavelength range, 1s used as the selective
reflection film 3.

In the case of this example, the recording/reproduction
laser beam has a wavelength of about 405 nm and the servo
laser beam has a wavelength of about 640 nm.

The bulk layer 5 as the recording layer 1s laminated (ad-
hered) on the lower layer side of the selective reflection film
3 with the intermediate layer 4 interposed therebetween,
which 1s formed of, for example, an adhesive material such as
UV curing resin.

As the material (recording material) of the bulk layer 5, an
optimal material 1s appropriately employed, for example,
according to the employed bulk recording method such as the
above-described positive type micro hologram method, the
negative type micro hologram method or the void recording
method.

In addition, the mark recording method of the optical
recording medium of the mvention 1s not specially limited
and a certain method may be employed in the range of the
bulk recording method. In the following description, for
example, a void (blank) recording method 1s employed.

In the bulk type recording medium 1 having the above
configuration, the selective reflection film 3 1 which the
position guide elements are formed as the above-described
guide grooves becomes a retlection surface which 1s a refer-
ence for performing the position control of the recording/
reproduction laser beam based on the servo laser beam, as
described below. In this sense, 1n the embodiment, the surface
on which the selective reflection film 3 1s formed 1s hereinat-
ter referred to as a reference surface Ref.

As described 1n FI1G. 27, 1n the bulk type optical recording
medium, 1n order to perform multi-layer recording within the
bulk layer, each layer position (information recording layer
position L) in which information recording will be performed
1s set 1n advance. Although an 1llustrated description 1s omit-
ted, even inthe bulk type recording medium 1 according to the
present embodiment, a necessary number ol information
recording layer positions L 1s set.

Now, detailed examples of each layer position will be
described. The information recording layer position L located
at an uppermost portion 1s set to a position of about 1
from a front surface (uppermost surface) of the bulk type
recording medium 1. An information recording layer position
L located at a lowermost portion 1s set to a position of about
300 um from the front surface.

Information recording layer positions L between the infor-
mation recording layer position L of the uppermost portion
and the information recording layer position L of the lower-
most portion are provided such that an interval between the
adjacent information recording layer positions L 1s 10 um on
an average in consideration of interlayer crosstalk.

In addition, the position of the reference surface Ref 1s a
position of about 50 um from the front surface and an interval
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from the reference surface Ref to the information recording
layer position L of the uppermost portion becomes about 50
L.
Description returns to FIG. 1.

In the recording/reproduction device according to the
embodiment, an optical pickup 14 for irradiating a recording/
reproduction laser beam to the bulk type recording medium 1
1s provided.

In the optical pickup 14, a recording/reproduction laser
beam source and a servo laser beam source for respectively
emitting the recording/reproduction laser beam and the servo
laser beam described 1n FIG. 27 are provided. An objective
lens for focusing and irradiating the recording/reproduction
laser beam and the servo laser beam to the bulk type recording
medium 1 or a biaxial actuator for holding the objective lens
which may be driven 1n a tracking direction and a focus
direction are also provided. A spectroscopic element (for
example, dichroic prism or the like) for synthesizing the
recording/reproduction laser beam and the servo laser beam
emitted from the respective light sources on the same axis and
guiding the beams to the objective lens and separating the
reflected light of the recording/reproduction laser beam and
the reflected light of the servo laser beam incident through the
objective lens from the bulk type recording medium 1 into
different optical paths or a recording/reproduction light
receiving unit for recerving the retlected light of the record-
ing/reproduction laser beam and a servo light receiving unit
tor recerving the retlected light of the servo laser beam are
also mcluded.

As described 1n FI1G. 27, a recording/reproduction focus
mechanism (expander) for changing collimation of the
recording/reproduction laser beam incident to the objective
lens 1s also provided. By providing the recording/reproduc-
tion focus mechanism, during recording, it 1s possible to
selectively record marks with respect to the necessary infor-
mation recording layer position L setin the bulk layer 5, under
the condition that focus servo of the objective lens 1s per-
tormed with respect to the reference surface Ref by the servo
laser beam.

In practice, 1n the recording/reproduction device, although
a servo circuit for performing control of the irradiation posi-
tion of the laser beam based on the reflected light of the servo
laser beam during recording described 1n FIG. 27 or 1rradia-
tion position control of the laser beam based on the reflected
light of the recording/reproduction laser beam during repro-
duction, a slide mechanism of the optical pickup 14, and a
spindle motor for rotating and driving the bulk type recording
medium 1 are also provided. However, since these compo-
nents are not directly related to an encoding process or a
decoding process of the embodiment, they are not shown and
described herein.

In the recording/reproduction device, as components for
generating a code string (recording code string) to be
recorded 1n the bulk layer 5, an encoding unit 10, an S1
encoding table 11 and an S2 encoding table 12 are provided.

The encoding unit 10 sequentially converts m-bit data
word of mput recording data into n-bit code word using the S1
encoding table 11 and the S2 encoding table 12 so as to
perform encoding of the recording data.

In addition, the encoding process of the embodiment using
the S1 encoding table 11 and the S2 encoding table 12 by the
encoding unit 10 will be described again later.

The S1 encoding table 11 and the S2 encoding table 12 are
stored 1n an 1ternal or external memory device of the encod-
ing unit 10.
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The recording code string obtained by the encoding pro-
cess using the encoding unit 10 1s supplied to a recording
control unit 13.

The recording control unit 13 light emission-drives the
above-described recording/reproduction laser beam source 1n
the optical pickup 14 based on the recording code string and
executes mark recording in the bulk layer 5.

In this case, the recording control unit 13 performs the Non
Return to Zero (NRZ) modulation process performed by an
optical disc system of, for example, a Digital Versatile Disc
(DVD) or a Blu-ray Disc (BD: registered trademark) of the
related art with respect to the recording code string and light
emission-drives the recording/reproduction laser beam so as
to perform so-called mark edge recording.

In the present example, the recording control unit 13 light
emission-drives the recording/reproduction laser beam
source such that amark 1s recorded in correspondence with an
H level (*17) of a pulse when the recording code string 1s
subjected to NRZ modulation and a space 1s formed in cor-
respondence with an L level (*07).

The reflected light from the mark recorded 1n the bulk type
recording medium 1 1s detected by the recording/reproduc-
tion light recerving unit 1n the above-described optical pickup
14 so as to obtain a reproduction signal.

The reproduction signal of the mark row obtained 1n this
way 1s amplified by an amplifier 15 and gain thereof 1s
adjusted by an Auto Gain Control (AGC) circuit 16.

The reproduction signal passing through the AGC circuit
16 1s supplied to a Phase Locked Loop (PLL) circuit 17 and an
A/D converter 18 as shown 1n the figure.

The PLL circuit 17 generates a clock CLK by a PLL pro-
cess based on the reproduction signal. The clock CLK 1s
supplied to a clock of each necessary unit such as the A/D
converter 18.

The A/D converter 18 digitally samples the reproduction
signal. The reproduction signal sampled by the A/D converter
18 15 supplied to an equalizer (EQ) 19.

The equalizer 19 and a Viterbi decoder 20 are provided 1n
order to binarize the reproduction signal by a so-called Partial
Response Maximum Likelithood (PRML) decoding method.

The equalizer 19 performs a PR equalization process with
respect to the reproduction signal sampled by the A/D con-
verter 18 according a predetermined PR class (for example,
1:2:2:1, 1:2:2:2:1, or the like) and outputs the processed sig-
nal to the Viterb1 decoder 20.

The Viterbi decoder 20 performs a Viterb1 decoding pro-
cess with respect to the PR-equalized reproduction signal so
as to obtain a binarized reproduction signal.

The binarnzed reproduction signal (corresponding to the
above-described recording code string) obtained by the Vit-
erbi decoder 20 1s supplied to a decoding unit 21.

The decoding unit 21 sequentially converts the n-bit data
word of the code string as the binarized reproduction signal
into m-bit data word using an S1 decoding table 22 and an S2
decoding table 23 so as to obtain a reproduction data row.

In addition, the details of the decoding process using the S1
decoding table 22 and the S2 decoding table 23 by the decod-
ing unit 21 will be described again later.

The S1 decoding table 22 and the S2 decoding table 23 are
stored 1n an mternal or external memory device of the decod-
ing unit 21.

Here, the configuration of the recording/reproduction
device shown 1n FIG. 1 1s not limited thereto.

For example, although the case of performing the binariza-
tion process of the reproduction signal by the PRML decod-
ing process 1s described, the binarization method of the repro-
duction signal 1s not limited thereto.
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The PLL process of the generation of the clock CLK may
be configured to be realized by, for example, a digital PLL
process such as an Interpolated Timing Recovery (ITR)
method.

The recording/reproduction device according to the
embodiment of the invention has an advantage 1n the encod-
ing process of generating the recording code string 1n consid-
eration of the recording and reproducing characteristic of the
optical recording medium and 1n the decoding process of
decoding the code string. In particular, encoding 1n which
DSV control 1s approprnately executed 1s performed.

This point will be described.

As optical reading characteristics of the optical recording
medium such as an optical disc, Modulation Transfer Func-

tion (MTF) 1s well known.

This function has low-pass characteristics having a cutoff
in which a spatial frequency of 2-NA/A or more may not be
read, when an aperture ratio of an optical pickup 1s NA and a
laser wavelength 1s A. Theretfore, upon high-density record-
ing, wave equalization of high band emphasis 1s performed 1n
order to approach an eye pattern of a desired wavelorm of a
partial response or the like.

However, 1t 1s difficult to perform equalization even when
any high band emphasis 1s performed for cutoff.

In an NRZI modulation code having a limitation of a mini-
mum run length d=0, since at leastd “0”’s are inserted between
1 indicating inversion and the next 1, 1t 1s possible to prevent
a channel bit row after NRZ conversion from being inverted
every channel clock by a recording control circuit. As a resullt,
by shifting the frequency spectrum of the recording channel
bit row to a low band, it 1s possible to easily pass through the
MTF. This 1s the reason that a modulation code having a
limitation d 1s generally used in the optical disc (the case of
mark edge recording).

When timing clock synchronization 1s performed using the
PLL circuit, 1t 1s necessary to obtain a phase error signal from
a reproduction waveform and a clock edge.

At this time, 11 the reproduction signal 1s not iverted at a
predetermined time 1nterval, an opportunity to perform PLL
synchronmization 1s reduced and clock jitter 1s 1increased.
Accordingly, 1t 1s necessary to provide a limitation k (>d) of
a maximum run length.

In addition, as described 1n the related art, from an object
that tracking servo 1s not influenced, a DC control function for
suppressing a low band component to the modulation code
having limitations d and k.

For DC control, DSV control of the code string 1s per-
formed, but, before the description thereof, DSV will be
defined herein.

Asshownin FIG. 3B, an NRZI code string 1s converted into
an NRZ code string converted into a symbol of 1 and 1s
recorded in an optical recording medium.

Here, in NRZ, High (+1) 1s denoted by 1 and Low (-1) 1s
denoted by 0.

1 of NRZ 1s +1, 0 of NRZ 1s -1, and integration thereof 1s
also referred to as “code string DSV”,

As shown 1n FIG. 3 A, there 1s a 16-bit or NRZI code word.
NRZ before the code word ends with O, and the integration
value of DSV when the code word 1s converted into an NRZ
code word 1s referred to as “code word DSV”.

In the figure, the code word DSV of the code word A
becomes 6. 1 1n the case where the NRZI code word A 1s NRZ
converted 1s +1, 0 1s —1, the integration value within the code
word 1s (11-5).

Similarly, the code word DSV of the code word B becomes
4.
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For example, the code word DSV=6 of the code word A
indicates that, when the code word A 1s NRZ-converted and a
preceding NRZ symbol ends with 0, DSV 1s increased by 6.

Similarly, when the code word B 1s NRZ-converted and a
preceding NRZ symbol ends with 0, DSV 1s increased by 4.

However, 1f the code words A and B are consecutive 1n the
NRZ code string of FIG. 3B, since NRZ=1 at a time k=0, the
code string DSV becomes -6 by subtracting (inverting a
signal and adding) the code word DSV at k=1. At k=2, since
NRZ=0 at k=1, the code string DSV becomes -2 by adding 4
to —6 at k=1.

That 1s, 1f the value of preceding NRZ after each code 1s 0,
the code word DSV 1s added to the preceding code string
DSV, and, 11 the value of the preceding NRZ 1s 1, the code
word DSV 1s subtracted so as to obtain the code string DSV,
Hereinafter, a process of generating a code string of d=2 and
k=10 while m=8 bits of data words 1s converted into n=16 bits
of code words will be described.

First, a code word set for generating an encoding table for
generating a code string of the invention will be defined, an
encoding process of the case where DSV control 1s not per-
formed will be described, and then an encoding process for
performing DSV control will be described.

2. Encoding Table

Now, the S1 encoding table 11 and the S2 encoding table 12
used 1n encoding of the embodiment will be described.

First, as described above, 1n the present embodiment, 1t 1s
assumed that, as encoding of converting m bits (m 1s an
integer ol 1 or more) of data word 1nto n bits (n 1s an integer
of 1 or more) code word, encoding of m=8 and n=16 1s
performed. An encoding rate 1s m/n=1/2.

In the embodiment, a code string obtained by the encoding,
result 1s encoded such that the run length limitation of the
shortest 0 consecutive length d (d=0) and the longest O con-
secutive length k (k>d) 1s satistied. More specifically, 1n this
example, the run length limitation satisfies d=2 and k=10. In
other words, the consecutive length of symbol “0” 1s limited
to 2 or more and 10 or less.

On the assumption of such a condition, 1n this example, the
code word stored 1n the S1 encoding table 11 and the 16-bit
code words stored 1n the S2 encoding table 12 are selected as
follows. The following matters are schematically shown 1n
FIG. 4.

First, there are 302 16-bit binary code words, 1n which a
symbol starts at “1” or “01””, arun length limitation of d=2 and
k=10 1s satisfied between symbols “1” midway, and a symbol
consecutively ends with “1” or 9 or less “0”s. A set of code
words 1s referred to as S1.

In addition, there are 256 16-bit binary code words, 1n
which a symbol starts at 2 or more and 9 or less “0’s, a run
length limitation of d=2 and k=10 1s satisfied between sym-
bols “1” midway, and a symbol consecutively ends with “1”
or 9 or less “0’s. A set of code words 1s referred to as S2.

Since m=38, a code word set S2 is assigned to 2°=256 kinds
of data 1n one-to-one correspondence.

Among the code words of S1, there are 154 code words 1n
which the number of symbols of “1” 1s an even number and a
set thereol 1s referred to as S1-even.

Among the code words of S1, there are 148 code words 1n
which the number of symbols of “1”” 1s an odd number and a
set thereof 1s referred to as S1-odd.

Among the code words of S2, there are 126 code words 1n
which the number of symbols of “1” 1s an even number and a
set thereof 1s referred to as S2-even.
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Among the code words of S2, there are 130 code words 1n
which the number of symbols of “1”” 1s an odd number and a
set thereol 1s referred to as S2-odd.

As described below, 1 this example, upon an encoding
process of converting 8-bit data words into 16-bit code words,
DSV control 1s performed by selecting a candidate of a code
word of S1 or S2.

It 1s advantageous that the code word 1n which the number
of symbols of “1” of one candidate 1s an odd number 1s
assigned to the code word 1n which the number of symbols of
“1” of one candidate 1s an even number, because the increase/
decrease of DSV 1s reversed.

Therefore, S2-odd corresponds to S1-even and S2-even
corresponds to S1-odd as pairs.

Since S2 has no scope for selection from the 256 code
words, 130 code words are selected from 154 code words of
S1-even and form with pairs of 130 code words of S2-odd.
That 1s, among 256 data words, as 130 code words corre-
sponding to 130 data words, 130 code words included 1n
S1-even are selected from S1 and 130 code words included 1n

S2-0dd are selected trom S2.

With respect to the code words corresponding to the
remaining 126 data words, 126 code words are selected from
143 code words of S1-odd, 126 code words are assigned 1n
S2-even, and they form pairs.

In addition, correspondence 1s performed such that a value
obtained by adding a value of the code word DSV of S1-even
and a value of the code word DSV of S2-0dd 1s as close to 0
as possible. Similarly, correspondence 1s performed such that

a value obtained by adding a value of the code word DSV of
S1-odd and a value of the code word DSV of S2-even 1s as

close to 0 as possible.

A set of code words 1n which a symbol ends with consecu-
tive 2 or more and 9 or less “0”s 1n S1 1s S11 and a set of code
words which a symbol ends with “1” or “10” 1s S12.

A set of code words 1n which a symbol ends with consecu-
tive 2 or more and 9 or less “0”’s 1n S2 1s S21 and a set of code
words which a symbol ends with “1” or *“10” 1s S22.

FIG. 5 shows connection between the image of a set of
codes of S1 and S2 and data word. There 1s no overlapping

code word 1n S1 or S2 and there 1s no overlapping code word
in S1 and S2. To this end, 1t 1s possible to simply perform
decoding upon the below-described decoding.

The S1 encoding table 11 and the S2 encoding table 12 of
this example are obtained by assigning code words corre-
sponding to data words based on the above point.

The S1 encoding table 11 stores a set of (256) code words
of S1 as code words to be associated with 256 data words.

Similarly, the S2 encoding table 12 stores a set of (256)
code words 01 S2 as code words to be associated with 256 data
words.

Examples of the S1 encoding table 11 are shown 1n FIGS.

6,7, 8 and 9. Examples of the S2 encoding table 12 are shown
in FIGS. 10,11, 12 and 13.

In FIGS. 6 to 9 and FIGS. 10 to 13, data words of 0 to 255
are shown on the left end. “Data” 1s a HEX display of data
words.

With respect to each data word, 16-bit code words are
shown as “Code”.

The state of each code word indicates a transition state.

Among the code words of S1 o FIGS. 6 t09,1n S11,“171s
recorded 1n a next transition state. As shown in FIG. 5,1t a
code of a certain S1 1s connected after this code word, 1t 1s
indicated that d=2 and k=10 of the code string are typically

held.
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In S12, “2” 1s recorded 1n a next transition state. As shown
in FIG. 5, if a code of a certain S2 1s connected atfter this code
word, 1t 1s indicated that d=2 and k=10 of the code string are

typically held.
Among the code words of S2 of FIGS. 10 to 13,10 S21, “1”

1s recorded 1n a next transition state. As shown in FIG. 5, if a
code of a certain S1 1s connected after this code word, it 1s
indicated that d=2 and k=10 of the code string are typically
held.

In S22, “2” 1s recorded 1n a next transition state. As shown
in FIG. 5, 1f a code of a certain S2 1s connected after this code
word, 1t 1s indicated that d=2 and k=10 of the code string are

typically held.
In FIGS. 6 to 9 and FIGS. 10 to 13, a code word DSV 1s

shown as “DSV” with respect to each code word.

Further, with respect to each code word, “O/E” indicates
that the number of “1”’s within the code word 1s an even
number or an odd number. “O/E” of “0”” denotes a code word
in which the number of ““1”’s 1s an even number and “O/E” of
“1”s 1s a code word 1n which the number of “1”’s 1s an odd

number.

That 1s, 1n the S1 encoding table 11 of FIGS. 6 to 9, the
above-described 130 code words of S1-even have “O/E” of In
this example, code words of S1-even may be assigned as 130
code words corresponding to data values “0” to “129”.

In contrast, 1n the S2 encoding table 12 of FIGS. 10 to 13,
130 code words of S2-odd have “O/E” of “1” and may be
assigned as code words corresponding to data values “0” to
“129”.

In addition, 1n the S1 encoding table 11 of FIGS. 6109, 126
code words of S1-odd have “O/E” of *“1”” and may be assigned
as code words corresponding to data values “130” to “255”.

In contrast, in the S2 encoding table 12 of FIGS. 10 to 13,
126 code words of S2-even have “O/E” of “0” and may be
assigned as code words corresponding to data values 1307 to
“2557.

The code word DSV of the code words of the S1 encoding,
table 11 and the S2 encoding table 12 is as follows.

In the data word “0” to 129" of the S1 encoding table 11,
the code words having code word DSV of “-4”to “6” may be
assigned 1n descending order of the code word DSV,

In the data words “130” to “2355” of the S1 encoding table
11, the code words having code word DSV o1 “-6” to “8” may
be assigned 1n descending order of the code word DSV,

In the data words “0” to *“129” of the S2 encoding table 12,
the code words having code word DSV o1 “6” to “-8” may be

assigned 1n ascending order of the code word DSV,
In the data words “130” to “2355” of the S2 encoding table

12, the code word DSV having code words of “6” to “-10"
may be assigned in ascending order of the code word DSV,

The ascending and descending order state of the code word
DSV 1s shown in FIG. 14.

That 1s, the code words are selected such that the data
words “0” to “255” are aligned in descending order of values
of the code word DSV 1n the S1 encoding table 11 and are
aligned 1n ascending order of values of the code word DSV 1n
the S2 encoding table 12.

FIG. 15A schematically shows the structures of the S1
encoding table 11 and the S2 encoding table 12.

In the S1 encoding table 11, the code words of S1-even 1n
which the number of symbols “1” 1s an even number may be
assigned to data words “0” to “129” of the first half. In
addition, the order 1s a descending order of values of the code
word DSV.

The code words of S1-0dd 1n which the number of symbols
“1” 1s an odd number may be assigned to data words “130” to
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“2355” of a second half of the S1 encoding table 11. In addi-
tion, the order 1s a descending order of values of the code
word DSV,

In the S2 encoding table 12, the code words of S1-odd 1n
which the number of symbols “1” 1s an odd number may be
assigned to data words “0” to “129” of a first half. In addition,
the order 1s an ascending order of values of the code word
DSV.

The code words of S1-even in which the number of sym-
bols “1” 1s an even number may be assigned to data words
“130” to “255” of a second half of the S2 encoding table 12.
In addition, the order 1s an ascending order of values of the
code word DSV,

In summary, the S1 encoding table 11 and the S2 encoding
table 12 have the following characteristics.

First, the code words of the S1 encoding table 11 and the S2
encoding table 12 are all independent and the code words do
not overlap with each other. These are tables for converting,
m-bit data words into n-bit code words, 1n which n and m are
both integers, 2"=2""x2, a condition for selecting all indepen-
dent code words 1s satisfied in the two tables, and all inde-
pendent code words are selected.

Next, 1n the S1 encoding table 11 and the S2 encoding table
12, the number of symbols “1” 1s an odd number 1n one of the
code words corresponding to the same data word and the
number of symbols “1” 1s an even number 1n the other of the
code words corresponding to the same data word.

Therelore, the two code words of the S1 encoding table 11
and the S2 encoding table 12 corresponding to the same data
word become the code words of a direction 1n which the code
string DSV 1s 1ncreased and a direction in which the code
string DSV 1s decreased.

Further, the code words corresponding to the data words
may be aligned 1n a descending order of code word DSV 1n
one of the S1 encoding table 11 and the S2 encoding table, and
may be aligned 1n an ascending order of code word DSV in
the other of the S1 encoding table 11 and the S2 encoding
table. That 1s, the two code words corresponding to the same
data word are closer to the absolute value of DSV 1n the S1
encoding table 11 and the S2 encoding table 12.

In addition, 1n this example, although the S1 encoding table
11 and the S2 encoding table 12 have the above-described
characteristics, the relationship between the odd number and
the even number and the code word DSV relationship may be
reversed.

At least, the number of symbols “1” 1s an even number 1n
one of the two code words corresponding to one data word
and 1s an odd number 1n the other of the two code words. The
alignment order of values of the code word DSV may be the
ascending order 1n the S1 encoding table 11 and may be the
descending order 1n the S2 encoding table 12.

A description will be given for confirmation. Although
“State”, “DSV” and “O/E” are shown along with the data
words and the code words 1n FIGS. 6 to 13, the values of
“O/E” do not have to be stored 1n the S1 encoding table 11 and
the S2 encoding table 12. “O/E” may be determined from the
code words 1tself by the number of <17,

As described with reference to FIG. 5, “State” 1s stored in
the tables, because the table, from which a code word 1s next
extracted, indicates any one of the S1 encoding table 11 and
the S2 encoding table 12, 1n order to satisfy the run length
limitation. However, this 1s obtained by sequentially confirm-
ing the alignment of the symbols “0” and “1” of the code
words and does not have to be stored 1n the tables 1n advance.

Since the values of the code word DSV of the code words
are used when obtaining the code string DSV of the connec-
tion state 1n the below-described connection confirmation
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(process ST 14 of FIG. 19 and step F205 of FIG. 20), the
values of “DSV” are stored 1n the tables. Since the code word

DSV may be easily calculated from the code words, 1t may be
obtained upon processing and does nothave to be stored in the
tables 1n advance.

The encoding process of the present embodiment using the
S1 encoding table 11 and the S2 encoding table 12 1s sche-
matically as follows.

Fundamentally, the run length limitation may be satisfied
by determining from which of the S1 encoding table 11 and
the S2 encoding table 12 the code word corresponding to the
iput data word 1s extracted.

For example, FIG. 15B shows a state 1n which a data word
D0 at a time t0 1s encoded 1nto a code word S1-C0 using the
S1 encoding table 11. When “State” encounters “2” with
respect to the code word S1-C0, a data word D1 of a next time
t1 1s encoded 1nto S2-C1 using the S2 encoding table 12.

IT “State” 1s “1” with respect to the code word S2-C1, the
run length limitation 1s satisfied when the data word D2 of a
next time t2 1s encoded mto S1-C2 using the S1 encoding
table 11. However, even when the data word D2 1s encoded
into S2-C2 using the S2 encoding table 12, the run length
limitation 1s satisfied. In this case, any one of the S1 encoding
table 11 and the S2 encoding table 12 may be used. In the
present embodiment, 1n this case, in consideration of the code
string DSV, any one of the S1 encoding table 11 and the S2
encoding table 12 1s selected. If the absolute value of the code
string DSV 1s decreased when the data word 1s encoded 1nto
S2-C2 using the S2 encoding table 12, the code word S2-C2

1s selected.

3. Comparative Example
Case where DSV Control 1s not Performed

Now, before the description of the encoding process of the
embodiment, as a comparative example, encoding satistying
the run length limitation of d=2 and k=10 using the S1 encod-
ing table 11 and the S2 encoding table 12 will be described. In
this method, DSV control 1s not performed.

FIG. 16 shows an internal signal process of the encoding
umt 10 when DSV control 1s not performed, 1n a block form.

The recording data row 1s converted into a bus by 8 bits
(process ST1).

A data word D, of a time t (integer) when a data row 1s

increased by 8 bits 1s delivered to the S1 encoding table 11 and
the S2 encoding table 12 through the bus.

By a circuit such as a wired OR (Wired-OR), a table 1s
looked up and a combination {C(S1), state (S1)} and {C,
(S2), state (S2)} of the 16-bit code words corresponding to the
datawords D, ofthe S1 encoding table 11 and the S2 encoding
table 12 and the states are output (processes ST2 and ST3).

The next state block 1s a memory in which one selected
from the state (S1) or the state (S2) one preceding time 1s
stored. I the next state signal which 1s this outputis 1, C, (S1)
1s selected and output as C, and state (S1) 1s output to the next
state block.

In contrast, if the next state signal 1s 2, C, (S2) 1s selected
and output as C, and state (S2) 1s output to the next state block
(processes ST4, STS, ST6 and ST7).

FIG. 17 1s a flowchart illustrating the encoding process of
the encoding unit 10 as the comparative example.

First, in step F101, the encoding unit 10 encodes the input
data word using the S1 encoding table 11 and outputs the
obtained code word.

That s, inthis case, a first input data word 1s encoded by the
S1 encoding table 11.
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Alternatively, the first input data word may be encoded by
the S2 encoding table 12.

In the subsequent step F102, the encoding unit 10 deter-
mines whether or not encoding has to be finished (for
example, whether or not all data to be recorded 1s encoded, or
the like). If a negative result that encoding does not have to be
finished yet 1s obtained, the process proceeds to step F103.

If a positive result that encoding has to be finished 1s
obtained, the encoding process 1s finished as shown in the
figure.

In step F103, the encoding unit 10 acquires the State value
ol the output code word and, in the subsequent step F104, a
determination as to whether the State value 1 or 2 1s made.

In step F104, 111t 1s determined that the State value 1s 1, the
process returns to step F101 of encoding the input data word

using the S1 encoding table 11 and outputting the code word.

In contrast, 1f 1t 1s determined that the State value 1s 2, the
process proceeds to step F105 of encoding the input data word
using the S2 encoding table 12 and outputting the code word
obtained as the result. After the code word 1s output 1n step
F103, the process returns to step F102 as shown in the figure.

If only the satisfaction of the run length limitations 1s
considered, the next input data word 1s simply encoded using
any one of the S1 encoding table 11 and the S2 encoding table
12 according to the State value of the output code word.

For example, 1 a data word row 1s input at a next state=1 of
a time =0, encoding 1s performed as shown 1n FIG. 18.

In FI1G. 18, t1s atime, D, 1s a data word of the time t, and C,
1s a code word of the time t. The data word of the time t=1 1s
denoted by “D1” and the code word thereotf 1s denoted by
“C1”. In addition, the next state becomes the State value of the
code word one preceding time. A preceding end NRZ indi-
cates whether the NRZ code of the code word of one preced-
ing time 1s “0” or *“1”°. Further, 1t indicates the code word DSV
and the code string DSV of each time.

In the example shown 1n this figure, the input data word at
the time 1 1s “0x05” at t=0, 1s “Oxic” at t=1, 1s “Ox{7” at =2,
“Ox84” at =3, 1s “Oxia” at t=4, and “0x07” at t=5.

For example, first, at the time t=0, the input data word
D0="0x05"1s encoded using the S1 encoding table 11 and the
code word CO of “1001000000100100” 1s output. Since the
State value of the code word at the time t=0 1s “1”°, the data
word D1="0x1c” 1s encoded using the S1 encoding table 11
and the code word C1 of “1000000000100010” 1s output.

Further, since the State value of the code word at the time
t=11s *“2”, the data word D2="0x1{7" at the sequential time t=2
1s encoded using the S2 encoding table 12 and the code word
C2 of “0000000010001000” 1s output.

Astheresult of sequentially performing encoding using the
S1 encoding table 11 or the S2 encoding table 12 according to
the State value, the code string DSV of the times t=0 to 5
sequentially become -4, 4, 12, 18, 8 and 4.

4. Encoding Process of Embodiment

Contrary to the encoding process of the comparative
example, 1n the encoding process of the present embodiment,
DSV control 1s performed. Heremaftter, the present embodi-
ment will be described.

FIG. 19 shows an internal signal process of the encoding
unit 10 of the embodiment, in which the DSV control 1s
performed, 1n a block form.

The recording data row 1s converted into a bus by 8 bits
(process ST11). A data word D, of a time t (integer) when the
data row 1s increased by 8 bits 1s delivered to the S1 encoding
table 11 and the S2 encoding table 12 through the bus.

10

15

20

25

30

35

40

45

50

55

60

65

20

By a circuit such as a wired OR (Wired-OR), a table 1s
looked up and 16-bit code words C, (S1) and C, (S2) corre-
sponding to the data words D, ofthe S1 encoding table 11 and

the S2 encoding table 12 are output (processes ST12 and
ST13).

With respect to the code words C, (51) and C, (S2), it 1s

checked whether or not the connection relationship with the
code word C,~1 output at one preceding time satisfies d=2 and
k=10 and selects a code word (process ST14). Then the
selected code word 1s output (process ST15). The selected
code word 1s held as the code word C -1 atone preceding time
at the process of a next time (process ST16).

More specifically, the following operations are performed.

First, with respect to the code word C -1 of one preceding
time, when the code words C,(S1) and C, (S2) are respectively
connected, 1t 1s checked whether or not the connection rela-
tionship (run length limitation) 1s satisfied.

Here, 1n the case where only the code word C. (S1) satisfies
the connection relationship and C, (S2) does not satisiy the
connection relation 1s referred to as a condition 1.

In the case where the code word C, (51) does not satisiy the
connection relationship and only C, (S2) satisties the connec-
tion relation 1s referred to as a condition 2.

In addition, 1n the case where both C, (51) and C, (S2)
sat1sty the connection relationship is referred to as a condition
3.

In the condition 1, C, (S1) 1s output as the code word C, at
this time.

In the condition 2, C, (S2) 1s output as the code word C, at
this time.

In the condition 3, when each of the code words of C, (S1)
and C, (S2) 1s connected to the code string up until that point,
one side 1n which the value of the code string DSV 1s closer to
0 1s selected and 1s output as the code word C, at this time.

In addition, when the code word C ~1 ends with a symbol
“1” or “10”, the condition of d=2 and k=10 1s satisfied even
when being connected to any code word of the S2 encoding
table 12.

In addition, when the code word C, -1 ends with 2 or more
and 9 or less “0”’s, the condition of d=2 and k=10 1s satisfied
even when being connected to any code word of the S1
encoding table 11.

That 1s, this means that any one of the condition 1, the
condition 2 and the condition 3 1s typically satisfied. Thus,
when the encoded string 1s generated by the above process,
the connection relationship 1s typically held. FIG. 20 1s a
flowchart illustrating the encoding process of the encoding
unit 10 of the embodiment.

First, in step F201, the encoding unit 10 decodes the input
data word D, using the S1 encoding table 11 and outputs the
obtained code word C.,. In addition, t denotes a time.

Even in this case, the first input data word may be encoded
using the S2 encoding table 1instead of the S1 encoding table
11.

In step F202, the encoding unit 10 determines whether or
not encoding has to be finished.

In step F202, 1t a negative result that encoding does not
have to be finished vyet 1s obtained, the encoding unit 10
proceeds to step F203 of holding the output code word C, as
C-1.

In step F202, 11 a positive result that encoding has to be
finished 1s obtained, the encoding unit 10 finishes the series of
encoding processes shown 1n this figure.

The encoding unit 10 encodes a next mput data word D,
using both the S1 encoding table 11 and the S2 encoding table
12 1n step F204, after holding the code word C, as the code
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word C ~1 1n step F203. Thus, as shown 1n FIG. 19, the code
words C, (S1) and C, (S2) are obtained.

In the subsequent step F205, the encoding unit 10 performs
a connection checking process of the code words C, (S1) and
C, (S2) for the code word C,~1. That 1s, 1t 1s checked whether
or not the run length limitation 1s satisfied even when any one
of the code words C, (S1) and C, (52) 1s connected.

In practice, since 1t may be checked that one side satisties
the run length limitation from the State value of the code word
of one preceding time, 1t 1s checked whether or not the run
length limitation 1s satisfied with respect to the code word of
the other side which 1s not expressed by the State value.

In next step F206, the encoding unit 10 branches the pro-
cess depending on whether or not the connection of both the

code words C, (S1) and C, (82) 1s OK, as the checking result.

If any one of C, (51) and C, (52) does not satisty the run
length limitation, the encoding unit 10 proceeds to step F207
of determining whether or not only the code word C, (S1) 1s
OK, that 1s, whether or not only the code string, to which the
code word C, (S1) 1s connected, satisfies the run length limi-
tation.

If only the code word C, (81) 1s OK, that 1s, 1n the above-
described condition 1, the encoding unit 10 proceeds to step

F208 of outputting the code word C, (81) as the code word C,
and then returns to step F202.

If only the code word C, (S2) 1s OK, that 1s, 1n the above-

described condition 2, the encoding unit 10 proceeds to step
F209 of outputting the code word C, (S2) as the code word C
and then returns to step F202.

In contrast, 11 the connection of both the code words C, (S1)
and C, (52) 1s OK, that 1s, 1n the condition 3, the encoding unit
10 proceeds to steps F206 to F210.

The encoding unit 10 connects each of the code words C,
(S1) and C, (S2) to the code string up until that point and
calculates the value of the code string DSV. A code word 1n
which the code string DSV 1s closer to 0 (a code word in
which the absolute value of the code string DSV 1s smaller) 1s
selected and 1s output as the code word C, at this time. There-
aiter, the encoding unit returns to step F202.

By such a process, encoding 1s performed.

For example, if encoding starts at the code of the S1 encod-
ing table 11 1n the case of t=0 and the same data word row as
the comparative example 1n which the DSV control 1s per-
formed as shown 1n FIG. 18 1s input, encoding 1s performed as
shown 1n FIG. 21. In FIG. 21, 1n addition to the same items as
FIG. 18, the above-described conditions 1, 2 and 3 are shown
as the connection condition.

At the time t=0, 1t 1s assumed that Next State=1, preceding
end NRZ=0 and code string DSV=0 are set as an 1n1tial state.

Since data word DO0=0x05, the code word CO0 of
“1001000000100100” 15 selected from the S1 encoding table
11. In this case, the code word DSV=-4 and the end NRZ=0
are added to the code string DSV without change so as to
become —4.

At the time t=1, the data word D1=0x{c 1s input. At this
time, there are two candidates of the code word C1 (S1) of the
S1 encoding table 11 and the code word C1 (52) of the S2
encoding table 12.

Here, when the code words C1 (51) and the C1 (52) are
connected, 1t 1s determined whether all the conditions 1, 2 and
3 are satisfied. In this case, since the code word CO of one
preceding time ends with two “0”s, the code word C1 (51)
starts with “1” (see F1G. 9), and the code word C1 (S2) starts
with 6 “0”s (see FI1G. 13), both the code words satisty d=2 and
k=10. Thus, the condition 3 1s satisfied.
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In this case, a code word 1n which the absolute value of the
code string DSV 1s smaller 1s selected as the control of the
code string DSV,

In addition, since the number of symbols “1” of the code
words of the code word CO0 of one preceding time 1s an even
number, the preceding end NRZ 1s not inverted and 1s “0”” and
the code word DSV 1s added when the code string DSV 1s
obtained.

Since the code word DSV of the code word C1 (S1) 1s 8 and
the code word DSV of the code word C1 (52) 1s =10, when
they are added to the code string DSV=-4 at the time t=0 and
when they are connected to the code word C1 (51), the code
string DSV becomes +4. When the code word C1 (S2) 1s
connected, the code string DSV becomes —14. As a result,
since the code word C1 (S1) 1s closer to O, the former C1 (S1)
1s selected as the code word C1 at this time.

At the time t=2, the data word D2=0x17/ 1s mput. At this
time, there are two candidates of the code word C2 (51) of the
S1 encoding table 11 and the code word C2 (52) of the S2
encoding table 12. Since the code word C1 of one preceding
time ends with one “0”, C2 (S1) starts with one “0” (see FIG.
9), and C2 (S2) starts with eight “0”’s (see FIG. 13), both the
data words satisty d=2 and k=10, and, even 1n this case, the
condition 3 1s satisfied. Thus, control of the code string DSV
1s considered.

Since the number of symbols “1” of the code words of the
code word C1 of one preceding time 1s an odd number, the
preceding end NRZ 1s inverted and 1s “1” and the code word
DSV 1s subtracted when the code string DSV 1s obtained.

Since the code word DSV of the code word C2 (S1) 1s 6 and
the code word DSV of the code word C2 (52)1s —8, when they
are subtracted from the code string DSV=4 at the time t=1 and
the code string DSV, to which the code word C2 (S1) 1s
connected, becomes -2. In addition, the code string DSV, to
which C2 (S82) 1s connected, becomes +12. Since the code
word C2 (S1) 1s closer to 0, the former C2 (S1) 1s selected as
the code word C2 at this time.

At the time t=3, the data word D3=0x84 1s mput. At this
time, there are two candidates of the code word C3 (51) of the
S1 encoding table 11 and the code word C3 (S2) of the S2
encoding table 12. Since the code word C2 of one preceding
time ends with “17, C3 (S1) starts with one “0” (see FIG. 8),
and C3 (82) starts with four “0”’s (see FI1G. 12), only C3 (S2)
satisfies d=2 and k=10 and the condition 2 1s satisfied. Thus,
C3 (S2) 1s selected as the code word C3 at this time.

In this case, since the number of symbols “1” of the code
words of the code word C2 of one preceding time 1s an odd

number, the preceding end NRZ 1s inverted and 1s “0” and the
code word DSV 1s added when the code string DSV 1s

obtained. Since the code word DSV of the code word C3 (S2)
1s 6, 11 1t 1s added to the code string DSV=-2 of the time t=2,
the code string DSV of the time t=3 becomes +4.

At the time t=4, the data word D4=0x1a 1s mput. At this
time, there are two candidates of the code word C4 (S1) of the
S1 encoding table 11 and the code word C4 (S2) of the S2
encoding table 12. Since the code word C3 of one preceding
time ends with “17, C4 (S1) starts with “1” (see FI1G. 9), and
C4 (S2) starts with four “0”s (see FIG. 13), only C4 (S2)
satisfies d=2 and k=10 and the condition 2 is satisfied. Thus,
C4 (S2) 1s selected as the code word C4 at this time.

In this case, since the number of symbols “1” of the code
words of the code word C3 of one preceding time 1s an even
number, the preceding end NRZ 1s “0” and the code word

DSV 1s added when the code string DSV 1s obtained. Since
the code word DSV of the code word C4 (52) 1s —10, 11 1t 15
added to the code string DSV=4 of the time t=3, the code
string DSV of the time t=4 becomes —6.
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At the time t=5, the data word D5=0x07 1s input. At this
time, there are two candidates of the code word C5 (51) of the

S1 encoding table 11 and the code word C5 (52) of the S2
encoding table 12. Since the code word C4 of one preceding
time ends with eight “0’s, C5 (51) starts with “1” (see F1G. 6),
and CS5 (S2) starts with two “0”’s (see FI1G. 10), both the data
words satisty d=2 and k=10 and the condition 3 1s satisfied.
Thus, control of the code string DSV 1s considered.

Since the number of symbols “1” of the code words of the
code word C4 of one preceding time 1s an even number, the
preceding end NRZ 1s “0” and the code word DSV 1s added
when the code string DSV 1s obtained.

Since the code word DSV of the code word C5 (S1) 1s -4
and the code word DSV of the code word C5 (S2) 1s +6, when
they are added to the code string DSV=-6 at the time t=4 and
the code string DSV, to which the code word CS (S1) 1s
connected, becomes —10. In addition, the code string DSV, to
which C5 (52) 1s connected, becomes 0. Since the code word
C3 (S2) 1s closer to +0, the former CS (S2) 1s selected as the
code word C2 at this time.

For example, as described above, as compared to the case
where DSV control 1s not performed, 1t may be seen that the
code word 1n which the code string DSV 1s closer to O 1s
selected.

5. Decoding Process

Next, a method of decoding the code string generated by
encoding of the above-described embodiment to the data row
will be described.

First, according to the definition of the above-described S1
code word set and S2 code word set, in the present embodi-
ment, the same code word 1s not overlappingly stored 1n the
S1 encoding table 11 and the S2 encoding table 12.

That 1s, the code words 1n the S1 encoding table 11 or the
S2 encoding table 12 are all independent and the elements of
the code words of both the S1 encoding table 11 and the S2
encoding table 12 are all independent. That 1s, the product set
of S1 and S2 does not exist.

This 1s alarge difference that, for example, as in the code of
EFM-Plus employed 1n a DVD system, the same code word
exists 1n the same state and are assigned to the data words
according to a next state such that the number of elements (the
number of code words) of the code word set 1s increased.

In the present embodiment, the non-overlapping of the
same code word means that the data word 1s uniquely
obtained 1n two tables of an S1 decoding table 22 and an S2
decoding table 23 respectively corresponding to the S1
encoding table and the S2 encoding table 12, upon decoding.

More specifically, in this case, decoding 1s performed as
follows.

That 1s, the decoding unmit 21 shown 1n FIG. 1 searches the
S1 decoding table 22 and the S2 decoding table 23 and speci-
fies m bits of data words corresponding to the recording code
string recerved from the Viterbi decoder 20 every n bits of
code words. Then, the specified data words are sequentially
output as reproduction data.

FIG. 22 shows the data process of the decoding unit 21 in
a block form.

A reproduction code string 1s obtained by the Viterbi
decoder 20 and 1s converted 1nto a 16-bit bus (process ST21).
The code word C, of the time t (integer) when the code
(channel bit) 1s increased by 16 bits 1s delivered to the S1
decoding table 22 and the S2 decoding table 23 through the
bus (processes ST22 and ST23).

The S1 decoding table 22 and the S2 decoding table 23

reversely reads the combination of the code words and the
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data words of the S1 encoding table 11 and the S2 encoding
table 12 shown 1 FIGS. 6 to 13 without completely recog-

nizing a next state so as to obtain the data words. As the
simplest method, the S1 decoding table 22 and the S2 decod-
ing table 23 may store only the correspondence between the
data words and the code words of the S1 encoding table 11
and the S2 encoding table 12.

By a circuit such as a wired OR, a table 1s looked up and the
data words are obtained. The decoding unit 21 refers to the S1
decoding table 22 and the S2 decoding table 23 reads the data
word D_ with respect to the code word C, (process ST24).

Upon encoding, the code words are extracted from any one
of the S1 encoding table 11 and the S2 encoding table 12 from
the data word D, and the code words do not overlap. Accord-
ingly, upon decoding, the code word C, 1s searched for from
the S1 decoding table 22 and the S2 decoding table 23 and the
data word D, corresponding thereto 1s read. FIG. 23 15 a
flowchart illustrating the process of the decoding unit 21.

The decoding unit 21 repeats the processes of step F302
and F303 whenever the reproduction code word 1s input, until
it 1s determined that the decoding 1s finished 1n step F301.

In step F302, the S1 decoding table 22 and the S2 decoding,
table 23 are referred to with respect to the input reproduction
code word. In step F303, the data word D, obtained from the
tables 1s output.

As described above, the S1 encoding table 11 and the S2
encoding table 12 have independent code words. Accord-
ingly, 1t 1s possible to obtain unique data words from the S1
decoding table 22 and the S2 decoding table 23 correspond-
ing thereto.

The reproduction data row 1s obtained by the data word Dk
output at each time.

In addition, according to this decoding process, decoding 1s
performed by the completely same circuit, with respect to the
code obtained by encoding according to the comparative
example, in which DSV control 1s not performed, and the
code obtained by encoding according to the embodiment, 1n
which DSV control 1s performed.

6. Elfect of Embodiment and Modified Example

Up to now, the encoding process and the decoding process
of the embodiment have been described.

In the encoding process of the embodiment, 1n the case
where the run length limitation 1s satisfied, the encoding table
used 1n next encoding 1s not simply selected according to the
State value and DSV control i1s performed if the run length
limitation 1s satisfied even when any encoding table 1is
selected.

That 1s, a code word 1n which the absolute value of the code
string DSV 1s selected 1n a state 1n which the code word of
cach table 1s connected. Accordingly, 1t 1s possible to appro-
priately perform DSV control.

The comparison between the code string DSV when the
DSV control of the embodiment 1s performed and the code
string DSV when the DSV control 1s not performed 1s shown
in FI1G. 24. The code word DSV when the DSV control 1s not
performed largely oscillates. In contrast, when the DSV con-
trol of the present embodiment 1s performed, the code string
DSV 1s typically close to 0. The comparison between power
spectrum densities of the frequency by the code string when
DSV control 1s performed and DSV control 1s not performed
1s shown 1n FIG. 25. The low frequency component 1s sup-
pressed by DSV control.

In the EFM of therelated art or the encoding o1 17 PP or the
like, 1t 1s necessary to add 1 bit for DC control in addition to
the limitations d and k of the code. Although there 1s a prob-
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lem that capacity efficiency 1s decreased 1n order to decrease
the encoding rate, according to the encoding process of the
present embodiment, 1t 1s possible to obtain the same encod-
ing rate as the encoding rate necessary for the limitations d
and k.

For example, the encoding and decoding tables of EFM-
Plus have four code set states and the lookup tables have 351
or more elements. The number of code set states of the inven-
tion 1s 2 and 256 elements are included. Since they are all
included in hardware or a software program, 1t 1s possible to
reduce the scale of the implementation of the hardware or
software by the encoding method of the invention.

In the code of EFM-Plus, overlapping code words exist in
the same state, and thus the number of elements of the code
word set 1s increased by assigning the code words to the data
words according to a next state. Accordingly, upon decoding,
decoding has to be performed according to a previous encod-
ing state. If an error has occurred in the previous decoding,
error propagation in which the next decoding is erroneously
performed because of the error may occur.

However, 1n the present embodiment, the code words of the
S1 encoding table 11 or the S2 encoding table 12 are all
independent and the elements of the code words of the S1
encoding table 11 and the S2 encoding table 12 are all inde-
pendent. That 1s, the product set of the S1 encoding table 11
and the S2 encoding table 12 does not exist. Code words
correspond one-to-one to data words 1n the S1 encoding table
11 and the S2 encoding table 12.

To this end, upon decoding using the S1 decoding table 22
and the S2 decoding table 23 including the same correspon-
dence structure between the code words and the data words as
the S1 encoding table 11 and the S2 encoding table 12, decod-
ing may be performed without considering the set to which
the code word belongs. That 1s, 1t 1s possible to perform
decoding 1n which error propagation does not occur, because
it does not depend on the previous state.

Although the embodiments of the invention are described,
the mvention 1s not limited to the above-described examples.

For example, the encoding rate 1s not limited to 8/16. As
understood from the above description, 1n the encoding of this
case, as the code words correspond to the same data words 1n
the S1 encoding table 11 and the S2 encoding table 12, at least
they do not overlap. In this sense, as the relationship between
m and n, at least 2"=2""x2 1s satisfied.

In the above description, although the run length limitation
1s d=2 and k=10, the values of d and k are not limited thereto.
Even 1n the run length limitation other than d=2 and k=10, the
invention 1s suitably applicable.

In the above description, 1n consideration of the run length
limitation, with respect to the input data word, the connection
between the code words C, (S1)and C, (S2) encoded using the
S1 encoding table 11 and the S2 encoding table and the code
word C ~1 of one preceding time 1s checked. In addition, only
when both C_ (S1) and C, (S2) satisty the run length limitation,
the code word of a code word 1n which the code string DSV 1s
closer to zero 1s selected and output. However, for example, 1f
it 1s not necessary to provide the run length limitation in order
to relatively decrease recording density, for each mput of
m-bit recording data, sequentially, the code word of a code
word, 1n which the code string DSV 1s closer to zero, of the
code word encoded using the S1 encoding table 11 and the
code word encoded using the S2 encoding table 12 may be
selected and output.

In the above description, although the case of applying the
encoding device (encoding method) or the recording device
(recording method) of the mvention to the recording/repro-
duction device which performs both mark recording and
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reproduction of recording mark with respect to the recording,
layer 1s described, the invention 1s suitably applicable to a
recording device (recording dedicated device) for performing
only mark recording with respect to a recording layer.
In the above description, although the case of applying the
decoding device (decoding method) of the mvention to the
recording/reproduction device for performing both mark
recording and reproduction of recording mark 1s described,
the 1nvention 1s suitably applicable to a reproducing device
(reproduction dedicated device) for performing only repro-
duction of recorded marks.
In the embodiment, as the recording/reproduction device,
the S1 encoding table 11 and the S2 encoding table 12 are
included 1n the encoding unit 10 and the S1 decoding table 22
and the S2 decoding table 23 are included 1n the decoding unit
21. However, 1n this case, the S1 encoding table 11 and the S2
encoding table 12 are shared in the decoding unit 21 so as to
be used 1in the decoding process. That 1s, the S1 decoding table
22 and the S2 decoding table 23 may not be provided sepa-
rately from the S1 encoding table 11 and the S2 encoding
table 12, respectively. In other words, the S1 encoding table
11 and the S2 encoding table 12 may function as the S1
decoding table 22 and the S2 decoding table 23.
The present application contains subject matter related to
that disclosed in Japanese Priority Patent Application JP
2010-106319 filed 1n the Japan Patent Office on May 6, 2010,
the entire contents of which are hereby 1ncorporated by ref-
erence.
It should be understood by those skilled i the art that
various modifications, combinations, sub-combinations and
alterations may occur depending on design requirements and
other factors insofar as they are within the scope of the
appended claims or the equivalents thereof.
What 1s claimed 1s:
1. An encoding device for converting m-bit data words 1nto
n-bit (both n and m are integers and 222" x2) code words, the
encoding device comprising;:
a first encoding table in which 2™ code words selected from
2" n-bit code words correspond to 2”7 m-bit data words;

a second encoding table 1n which 2™ code words, which do
not overlap with the code words 1n the first encoding
table, of the 2" n-bit code words correspond to 2™ m-bit
data words; and

an encoding unit configured to select and output a code

word, 1n which an absolute value of a code string Digital
Sum Value 1s smaller, from code words corresponding to
input m-bit data words 1n the first encoding table and
code words corresponding to input m-bit data words 1n
the second encoding table.

2. The encoding device according to claim 1, wherein code
words 1n which a number of symbols *“1” 1s an odd number in
the second encoding table correspond to data words to which
code words 1n which a number of symbols “1” 1s an even
number correspond to the first encoding table, and code
words 1n which a number of symbols 17" 1s an even number 1n
the second encoding table correspond to data words to which
code words i which a number of symbols “1” 1s an odd
number correspond to the first encoding table.

3. The encoding device according to claim 2, wherein:

in any one set of code words 1 which the number of

symbols “17”1s an even number 1n the first encoding table
and a set of code words 1n which the number of symbols
“1” 1s an odd number 1n the second encoding table, the
code words are aligned in ascending order of code word
Digital Sum Value when the code words are NRZ.-con-
verted so as to correspond to the data words, and, 1n the
other of the sets, the code words are aligned 1n descend-
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ing order of code word Digital Sum Value when the code
words are NRZ-converted so as to correspond to the data
words, and
in any one set ol code words 1n which the number of
symbols “1” 1s an odd number in the first encoding table
and a set of code words 1n which the number of symbols
“1” 1s an even number 1n the second encoding table, the
code words are aligned in ascending order of code word
Digital Sum Value when the code words are NRZ.-con-
verted so as to correspond to the data words, and, in the
other of the sets, the code words are aligned 1n descend-
ing order of code word Digital Sum Value when the code
words are NRZ-converted so as to correspond to the data
words.
4. The encoding device according to claim 3, wherein the
encoding unit 1s configured to select the code words such that
a run length limitation of a shortest O consecutive length d
(d=0) and a longest 0 consecutive length k (k>d) of a code
string obtained from an encoding result 1s satisfied.
5. The encoding device according to claim 4, wherein the
encoding unit 1s configured to respectively convert the mput
m-bit data word 1nto a first code word and a second code word
by the first encoding table and the second encoding table, and
determine whether both the first code word and the second
code word satisty the run length limitation when the first code
word and the second code word are connected to a code word
output at one preceding time, and select and output a code
word 1n which the absolute value of the code string Digital
Sum Value of the first code word and the second code word 1s
smaller 1f both the first code word and the second code word
satisty the run length limitation.
6. The encoding device according to claim 5, wherein d=2,
k=10, and encoding rate 1s m/n=1/2.
7. The encoding device according to claim 6, wherein m==8
and n=16.
8. An encoding method for converting m-bit data words
into n-bit (both n and m are integers and 2”22"x2) code
words, the method comprising:
performing encoding by selecting and outputting a code
word, 1n which an absolute value of a code string Digital
Sum Value 1s smaller, from code words corresponding to
the input m-bit data words 1n a first encoding table 1n
which 2™ code words selected from 2" n-bit code words
correspond to 2™ m-bit data words and code words cor-
responding to mput m-bit data words 1n a second encod-
ing table 1n which 2™ code words, which do not overlap
with the code words 1n the first encoding table, of the 2”
n-bit code words correspond to 2™ m-bit data words.
9. A recording device for converting m-bit data words 1nto
n-bit (both n and m are integers and 2”=2"x2) code words and
performing recording with respect to an optical recording
medium, the recerving device comprising:
a first encoding table in which 2™ code words selected from
2" n-bit code words correspond to 2™ m-bit data words;

a second encoding table in which 2™ code words, which do
not overlap with the code words 1n the first encoding
table, of the 2" n-bit code words correspond to 2™ m-bit
data words;

an encoding unit configured to select and output a code

word, 1n which an absolute value of a code string Digital
Sum Value 1s smaller, from code words corresponding to
the input m-bit data words 1n the first encoding table and
code words corresponding to the imnput m-bit data words
in the second encoding table; and

a recording unit configured to perform recording with

respect to the optical recording medium based at least in
part on the code words output from the encoding unit.
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10. The recording device according to claim 9, wherein the
recording unit records NRZ data obtained by performing
iverting to a symbol “1” and non-inverting to a symbol “0”
with respect to an encoded string of code words encoded by
the encoding unit 1n the optical recording medium.

11. The recording device according to claim 10, wherein
the optical recording medium 1s a bulk type optical recording
medium having a bulk layer for selectively performing mark
recording at a plurality of positions 1n a depth direction, and

the recording unit 1s configured to record marks by a blank

in the bulk layer.

12. A recording method for converting m-bit data words
into n-bit (both n and m are integers and 2" =22"x2) code words
and performing recording with respect to an optical recording
medium, the method comprising:

selecting and outputting a code word, 1n which an absolute

value of a code string Digital Sum Value 1s smaller, from
code words corresponding to input m-bit data words in a
first encoding table in which 2™ code words selected
from 2” n-bit code words correspond to 2™ m-bit data
words and code words corresponding to input m-bit data
words 1 a second encoding table in which 2™ code
words, which do not overlap with the code words 1n the
first encoding table, of the 2" n-bit code words corre-
spond to 27 m-bit data words; and

performing recording with respect to the optical recording

medium based on the code words output by the selecting
and outputting.

13. A bulk type optical recording medium having a bulk
layer for selectively performing mark recording at a plurality
of positions 1n a depth direction, wherein

a mark row 1s recorded 1n the bulk layer based at least 1n

part on code words obtained by performing an encoding
process of selecting and outputting a code word, 1n
which an absolute value of a code string Digital Sum
Value 1s smaller, from code words corresponding to the
m-bit data words 1n a first encoding table 1n which 2™
code words selected from 2" n-bit code words corre-
spond to 2™ m-bit data words and code words corre-
sponding to the m-bit data words 1n a second encoding,
table 1n which 2™ code words, which do not overlap with
the code words 1n the first encoding table, of the 2” n-bit
code words correspond to 2™ m-bit data words, and both
n and m are integers and 2”=2"x2.

14. The optical recording medium according to claim 13,
wherein the mark row recorded 1n the bulk layer 1s a mark row
based at least 1n part on NRZ data obtained by performing
inverting to a symbol “1” and non-inverting to a symbol “0”
with respect to an encoded string of encoded code words.

15. The optical recording medium according to claim 14,
wherein the mark row recorded 1n the bulk layer 1s a mark row
of marks formed by blanks.

16. A decoding device comprising a decoding unmit which
includes first and second decoding tables in which code words
and data words have a same correspondence as first and
second encoding tables and which searches both a first decod-
ing table and a second decoding table for m-bit data words
corresponding to input n-bit code words and outputs the m-bit
data words,

in which the first and second encoding tables are used when

converting the m-bit data words 1nto the n-bit (both nand

m are 1ntegers and 2"=2""x2) code words,
in the first encoding table, 2™ code words selected from 2”
n-bit code words correspond to 2™ m-bit data words,
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in the second encoding table, 2™ code words, which do not
overlap with the code words 1n the first encoding table,
of the 2” n-bit code words correspond to 2™ m-bit data

words,
code words 1n which a number of symbols “1” 1s an odd
number 1n the second encoding table correspond to data
words to which code words 1n which a number of sym-
bols *“17” 1s an even number correspond to the first encod-
ing table,
code words 1n which a number of symbols “1”” 1s an even
number 1n the second encoding table correspond to data
words to which code words 1n which a number of sym-
bols “1” 1s an odd number correspond to the first encod-
ing table,
in any one set of code words 1 which the number of
symbols “1”” 1s an even number 1n the first encoding table
and a set of code words 1n which the number of symbols
“1” 1s an odd number 1n the second encoding table, the
code words are aligned 1n ascending order of code word
Digital Sum Value when the code words are NRZ-con-
verted so as to correspond to the data words, and, 1n the
other of the sets, the code words are aligned 1n descend-
ing order of code word Digital Sum Value when the code
words are NRZ-converted so as to correspond to the data
words,
in any one set of code words 1 which the number of
symbols “1” 1s an odd number in the first encoding table
and a set of code words 1n which the number of symbols
“1” 1s an even number 1n the second encoding table, the
code words are aligned in ascending order of code word
Digital Sum Value when the code words are NRZ-con-
verted so as to correspond to the data words, and, in the
other of the sets, the code words are aligned 1n descend-
ing order of code word Digital Sum Value when the code
words are NRZ-converted so as to correspond to the data
words, and
decoding 1s performed with respect to a code string
obtained by performing an encoding process of selecting
and outputting a code word, in which an absolute value
of a code string Digital Sum Value 1s smaller, from code
words corresponding to the input m-bit data words 1n the
first encoding table and code words corresponding to the
input m-bit data words 1n the second encoding table.
17. A decoding method comprising the steps of searching
both a first decoding table and a second decoding table, in
which the code words and the data words having a same
correspondence as {irst and second encoding tables, for m-bit
data words corresponding to input n-bit code words and out-
putting the m-bit data words,
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in which the first and second encoding tables are used when
converting the m-bit data words 1nto the n-bit (both nand
m are integers and 2"=2""x2) code words,

in the first encoding table, 2™ code words selected from the
2" n-bit code words correspond to 2™ m-bit data words,

in the second encoding table, 2™ code words, which do not
overlap with the code words 1n the first encoding table,
of the 2” n-bit code words correspond to 2™ m-bit data
words,

code words i which a number of symbols “1” 1s an odd
number 1n the second encoding table correspond to data
words to which code words in which a number of sym-
bols “1”” 1s an even number correspond to the first encod-
ing table,

code words 1n which a number of symbols “1” 1s an even
number in the second encoding table correspond to data
words to which code words in which a number of sym-
bols *“1” 1s an odd number correspond to the first encod-
ing table,

in any one set of code words 1n which the number of
symbols “1” 1s an even number 1n the first encoding table
and a set of code words 1n which the number of symbols
“1” 1s an odd number 1n the second encoding table, the
code words are aligned 1n ascending order of code word
Digital Sum Value when the code words are NRZ.-con-
verted so as to correspond to the data words, and, 1n the
other of the sets, the code words are aligned 1n descend-
ing order of code word Digital Sum Value when the code
words are NRZ-converted so as to correspond to the data
words,

in any one set of code words 1n which the number of
symbols “1” 1s an odd number in the first encoding table
and a set of code words 1n which the number of symbols
“1” 1s an even number 1n the second encoding table, the
code words are aligned 1n ascending order of code word
Digital Sum Value when the code words are NRZ-con-
verted so as to correspond to the data words, and, 1n the
other of the sets, the code words are aligned 1n descend-
ing order of code word Digital Sum Value when the code
words are NRZ-converted so as to correspond to the data
words,

decoding 1s performed with respect to a code string
obtained by performing an encoding process of selecting
and outputting a code word, in which an absolute value
of a code string Digital Sum Value 1s smaller, from code
words corresponding to the input m-bit data words 1n the
first encoding table and code words corresponding to the
input m-bit data words 1n the second encoding table.
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